INTRODUCTION
Surfactant molecules form various molecular assemblies such as micelles and vesicles in water. If the collapse and reformation of such assemblies could be controlled by external stimuli, this control technology would be useful for a wide range of applications. For example, it would allow the sustained release of medicine or perfume within a molecular assembly or the controlled release of drugs in a drug delivery system [1] [2] [3] [4] [5] [6] [7] [8] . We previously reported the control of vesicle formation 9 and micelle solubilization 10 reversibility through the use of an azobenzene derivative that exhibited reversible trans-cis photoisomerization by irradiation with ultraviolet/visible light for optical molecular switching. We also reported 11 that the optical control of aqueous solution viscosity by irradiation with ultraviolet/visible light was possible in a system containing a mixed aqueous solution of cetyltrimethylammonium bromide CTAB /sodium salicylate NaSal , which is a typical system for forming wormlike micelles, and a small amount of photoresponsive cationic surfactant 4-butylazobenzene-4 -oxyethyl -trimethylammonium bromide, AZTMA . We also found it possible to control the viscosity of a mixed aqueous solution of CTAB a cationic surfactant and sodium cinnamate that worked simultaneously as an organic salt inducing the wormlike micelle formation and as a photoresponsive mol-ecule. However, these systems were characterized by a reduction in the viscosity upon the creation of the cis form by ultraviolet irradiation.
With the goal of achieving photochemical control of aqueous solution viscosity, we focused on Sodium 3,3 -azobenzene dicarboxylate 3,3 -Azo2Na as a photoresponsive molecule. We expected that 3,3 -Azo2Na would function as an organic salt to form wormlike micelles when added to the CTAB aqueous solution, and also as a photoresponsive molecule exhibiting trans-cis photoisomerization by irradiation with ultraviolet/visible light. In this study, we found that the aqueous solution viscosity of the CTAB/NaSal/3,3 -Azo2Na system was increased by irradiation with ultraviolet light formation of cis form , which is different from the optical control system of aqueous solution viscosity that we had reported previously 11 . It is expected that this phenomenon can be applied to prevent blurred printing by inkjet printers or to the controlled release of medicine and perfumes from the interior of the molecular assembly.
EXPERIMENTAL PROCEDURES
We used cetyltrimethylammonium bromide CTAB AlAbstract: We provide further insight into the photochemical control of viscoelasticity through the use of azobenzene sodium dicarboxylate for molecular switching. As a photoresponsive molecule, Sodium 3,3′ -azobenzene dicarboxylate (3,3′-Azo2Na) was added to a solution of cetyltrimethylammonium bromide (CTAB)/sodium salicylate (NaSal), which is known for inducing the formation of wormlike micelles. This solution maintained a wormlike micellar structure, although a reduction in zero-shear viscosity was observed. When this mixed aqueous solution of CTAB/NaSal/3,3′-Azo2Na (16.7 mM each) was irradiated by ultraviolet light, the 3,3′-Azo2Na exhibited molecular trans-cis photoisomerization. We measured the dynamic viscoelasticity of the sample in the photostationary state and found that the zero-shear viscosity increased approximately sevenfold compared to the preirradiation state. This phenomenon is the opposite of the system wherein viscosity reduced by irradiation, as reported by us. We discuss the mechanism of this viscosity change.
Key words: photochemical control, viscoelasticity, sodium azobenzene dicarboxylate, molecular switching drich product as a cationic surfactant and Sodium 3,3 -azobenzene dicarboxylate 3,3 -Azo2Na as a photoresponsive organic salt. 3,3 -Azo2Na was obtained by adding sodium hydroxide to 3,3 -azobenzene dicarboxylic acid Tokyo Kasei . We adjusted the solution to pH 12.8, which allowed the complete dissolution of 3,3 -Azo2Na. We also used sodium salicylate NaSal Wako product as a typical organic salt that induces wormlike micelle formation. We prepared aqueous solution samples of CTAB, 3,3 -Azo2Na, and NaSal of 50 mM each, mixed them in various ratios, and left them for a suffi cient duration at 30 . A 200-W Mercury-Xenon lamp San-Ei Supercure 203S was employed as the light source to induce photoisomerization of 3,3 -Azo2Na. An ultraviolet light filter Kenko U-340, transmitting wave length 260-390 nm was used with the ultraviolet light source. Light intensity was fi xed at 10 mW/cm 2 . We placed the sample 5 g in a glass dish with a diameter of 50 mm, kept in a constant temperature bath at 30 , and then irradiated ultraviolet light from above to promote photoisomerization. Monitoring of transcis isomerization of 3,3 -Azo2Na in aqueous solution was conducted through UV/Vis absorption spectrum measurements 700-200 nm using a UV/Vis spectrophotometer Hitachi U-3310 equipped with a quartz cell optical length 0.1 mm . We measured the dynamic viscoelasticity using a cone-plate with a diameter of 40 mm and an angle of 2 0 4 and a stress-controlled cone-plate rheometer TA Instruments AR-G2 at 30 .
RESULTS AND DISCUSSION
We mixed the CTAB/sodium salicylate NaSal system, which is known for inducing wormlike micelle formation [12] [13] [14] , and 3,3 -Azo2Na in various concentration ratios and measured the dynamic viscoelasticity of the obtained samples. We prepared aqueous solutions of CTAB, 3,3 -Azo2Na, and NaSal of 50 mM each and mixed them in various ratios. We also examined Sodium 3-azobenzene carboxylate but decided to use dicarboxylate instead because it is not very soluble in water. Figure 1 presents the measurement results. The wormlike micelle solution CTAB: NaSal:3,3 -Azo2Na 1:1:0 without additional 3,3 -Azo2Na exhibited Maxwell model behavior that is unique to wormlike micelles a fl at storage modulus G at the high-frequency side and maximum loss modulus G value [12] [13] [14] . This behavior continued even when the 3,3 -Azo2Na aqueous solution was gradually mixed, but the plateau of G became smaller and the frequency giving the maximum G value increased, indicating a reduction in viscosity. Also, because the Cole-Cole plot that we created based on this data was a semicircle, it was confirmed that wormlike micelles had formed in the CTAB/NaSal /3,3 -Azo2Na mixed system. Figure 2 presents the zero-shear viscosity of 16.7 mM CTAB/NaSal mixed aqueous solution with additional 3,3 -Azo2Na in various concentration ratios, which was obtained based on the measured dynamic viscoelasticity. The results reveal that the zero-shear viscosity of the relevant system decreased along with the increase in concentration of 3,3 -Azo2Na. In other words, it became clear that the trans-3,3 -Azo2Na gradually suppresses the formation of wormlike micelles. solutions, 10mL of 50mM CTAB solutions, 10mL of 50mM NaSal solutions and xmL of 50mM 3,3'-Azo2Na solutions were mixed.
We examined the effects of ultraviolet irradiation on the viscosity of the CTAB/NaSal/3,3 -Azo2Na mixed aqueous solution. First, we examined the sample of CTAB 16.7 mM /NaSal 16.7 mM /3,3 -Azo2Na 8.35 mM solutions. The monitoring results of 3,3 -Azo2Na photoisomerization through the UV/Vis absorption spectrum measurements revealed that ultraviolet irradiation signifi cantly reduced the peak at 320.5 nm that is attributed to the trans form of the azo group and increased the peak at 431 nm that is attributed to the cis form Figs. 3 and 4 . With these results, it was confirmed that the 3,3 -Azo2Na molecules in the CTAB/sodium salicylate/3,3 -Azo2Na mixed aqueous solution changed from the trans form to the cis form photoisomerization . After confi rming that this photoisomerization reached the photostationary state, we measured the dynamic viscoelasticity, but the frequency dependence of both G and G exhibited almost no change compared with that obtained before ultraviolet irradiation. In calculating the zero-shear viscosity, we found that the value was slightly increased from 2.1 to 3.3 Pa s by ultraviolet irradiation.
Next, we examined an ultraviolet-irradiated sample with a different composition, CTAB 16.7 mM :NaSal 16.7 mM :3,3 -Azo2Na 16.7 mM 1:1:1, and checked the photoisomerization of the 3,3 -Azo2Na molecules in the wormlike micelle solution though UV/Vis absorption spectrum measurements.
The results of dynamic viscoelasticity measurements of the samples that reached the photostationary state revealed that ultraviolet irradiation increased the viscosity by approximately sevenfold; zero-shear viscosity before irradiation 0.234 Pa s increased to 1.50 Pa s in the photostationary state Fig. 5 . As a result of the dynamic viscoelasticity measurements before and after ultraviolet irradiation, we observed an enlargement of the plateau in the storage modulus G caused by irradiation, suggesting a change in the wormlike micelle structure.
As we reported previously, ultraviolet irradiation formation of cis form decreased the viscosity of the CTAB/azo- benzene modifi ed surfactant AZTMA /NaSal mixed system 11 or the CTAB/sodium cinnamate mixed system 15 . In contrast, the present study yielded some interesting results that differed from those of our earlier reports: ultraviolet irradiation increased the viscosity of this system. We examined the mechanism for this viscosity increase as follows.
In the wormlike micelles consisting of three elements, CTAB/NaSal/3,3 -Azo2Na, ultraviolet irradiation on 3,3 -Azo2Na molecules promoted trans-cis photoisomerization and conformation in molecule changes. In the case of AZT-MA and sodium cinnamate, which were used for optical molecular switching in the previous research, the wormlike micelles collapsed due to large conformation change along with photoisomerization, and the viscosity decreased signifi cantly. However, in the case of 3,3 -Azo2Na used in the present study, the molecule size was not as large as that in AZTMA, and the conformation change in the CTAB:NaSal:3,3 -Azo2Na 1:1:1 system along with photoisomerization was relatively small. In addition, both NaSal and 3,3 -Azo2Na exist as substances that induce wormlike micelle formation and the sum of each concentration is twice as large as that of CTAB for the composition of CTAB 16.7 mM :NaSal 16.7 mM :3,3 -Azo2Na 16.7 mM 1:1:1. Because the cis-3,3 -Azo2Na molecule has a bent structure, it is considered that because of its steric exclusion, the capacity to form a complex with CTAB via electrostatic interaction is lower than that of the trans form. Therefore, in the case of the trans form, the salicylate ions, which are anionic, and the 3,3 -Azo2 ions form a complex with CTAB, a cationic surfactant, in an electrostatic manner. However, the formation capacity of this complex would decrease when the trans to cis transformation occurs. Accordingly, some of the molecules exit from the wormlike micelles and are replaced with NaSal. It is considered that, as a result, the 3,3 -Azo-2Na contained in the wormlike micelles decreased and the viscoelasticity increased. Therefore, the increase in viscosity by ultraviolet irradiation, which is a phenomenon that is opposite to the currently known photochemical control of viscosity, was observed. Because this increase in viscosity would be useful for various applications, including photocurable inks to prevent blurring, we are presently examining ways to improve the effi ciency of photoisomerization.
CONCLUSION
We succeeded in the photochemical control of the viscoelasticity in CTAB/NaSal/3,3 -Azo2Na system and found that the aqueous solution viscosity was increased by irradiation with ultraviolet light, which is different from the photochemical control system of aqueous solution viscosity that we had reported previously. We examined the mechanism of this viscosity increase and inferred that it is as follows: In the case of the trans form, the 3,3 -Azo2 and the salicylate ions, which are anionic, form a complex with CTAB, a cationic surfactant, in an electrostatic manner. Because the cis-3,3 -Azo2Na molecule has a bent structure, the capacity to form complex with CTAB via electrostatic interaction becomes lower because of its steric exclusion than that of the trans form. Because of this decrease in the formation capacity of the complex induced by trans-cis photoisomerization some 3,3 -Azo2Na molecules exit from the wormlike micelles and are replaced with NaSal. As a result, the 3,3 -Azo2Na contained in the wormlike micelles decreases and the viscoelasticity increases by UV light irradiation. -Azo2Na (16.7mM) (1:1:1) before and after UVirradiation.
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